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Abstract Catalytic oxidation of CO with ozone had been
studied over Al2O3 and SiO2 supported Pd nanoparticles
which was synthesized by two different methods. The
polyol method mainly resulted in highly dispersed Pd
particles on the support, while the impregnation method
resulted in agglomeration Pd particles on the support.
Supported Pd nanoparticles synthesized from PdCl2 in the
presence of poly (N-vinylpyrrolidone) (PVP) by chemical
reduction. The catalysts were characterized by X-ray
diffraction, N2 BET surface area, pore size distributions,
CO chemisorption, TEM and H2-temperature programmed
reduction. The physico-chemical properties were well
correlated with activity data. Characterizations of XRD and
TEM show that the surface Pd nanoparticles are highly
dispersed over Al2O3 and SiO2. The catalytic activity was
dependent upon ozone/CO ratio, contact times, and the
reaction temperature. The extent of carbon monoxide
oxidation was proportional to the catalytically ozone de-
composition. The PVP synthesized Pd/A2O3 catalyst had
been found to be highly active for complete CO removal at
room temperature. The higher activity of the nanocatalyst
was attributed to small particle size and higher dispersion
of Pd over support.
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Introduction
Low temperature catalytic oxidation of CO over the sup-
ported nanosized metal catalyst has recently drawn much
attention due to its high performance for controlling envi-
ronmental pollution (Seyfi et al. 2009). The metal oxides
catalyst with variable oxidation states of metal ions (Gadgil
et al. 1994; Kulshreshtha and Gadgil 1997), or supported
noble metals catalysts (Pt, Pd, and Au catalysts) show ex-
cellent performance for CO oxidation at low temperature,
but its stability is lower and its activity quickly declines with
time on stream (Yu et al. 2008, 2009). It is suggested that
supported Pd catalysts may be a good alternative to gold in
CO oxidation if proper preparation method and support are
adopted (Wang et al. 2014).
Catalytic CO oxidation process in the presence of
ozone has high pollutant removal efficiency and low
energy consumption, which is required for conventional
CO removal process (Almquist et al. 2007). The high
reaction rates are observed for CO oxidation process
over Au/Fe2O3, CeO2, Co–Cr, Pt–Pd, and Mn catalysts,
which is due to the decomposition of ozone into the
highly reactive oxygen species that can oxidize pollu-
tants (Chang and Sheng 2005; Hao et al. 2001; Soni
et al. 2015). Naccache (1971) have been confirmed the
formation of surface O- species during ozone decom-
position, which interacts with CO and form a CO2
radical species on magnesium oxide surface. Konova
et al. (2004) also reported that the formation of cat-
alytically active complex O- [Co4?] over Co/Al2O3
catalyst, which is responsible for complete oxidation of
volatile organics. The Pt–Pd/Al2O3 catalyst provides
better efficiency for CO removal than the Mn-loaded
catalyst (Chang and Sheng 2005). Catalytic oxidation of
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CO over Pt/Al2O3 is reported at low temperature and the
rate of reaction is very slow in presence of O2 at the
same reaction conditions. The rate of reaction is ob-
served to be proportional to the square root of O2 partial
pressure and independent of CO concentration. On the
other hand, in presence of ozone, rapid CO oxidation is
observed which is ascribed to the reaction of gaseous
ozone directly reacting with surface adsorbed CO by
Eley–Rideal mechanism. Ozone decreases the Pt-surface
poisoning by CO adsorption at room temperature
(Petersson et al. 2006). The CO surface coverage is not
significantly affected between the reactions of gaseous
ozone with adsorbed CO over Pt/Al2O3 catalyst at low
ozone concentrations and low reaction temperatures.
Attempts have been made to identify the low-tem-
perature catalytic process by highly dispersed gold de-
posited nanoparticles using air as an oxidant (Konova
et al. 2004). Activation energies of 18 and 16 kJ/mol are
reported for Au/ZrO2 and Au/Co3O4 nanoparticles, re-
spectively; whereas, 30 kJ/mol is reported for Au/TiO2 in
the temperature range of 220–278 K by Haruta et al.
(1993). Konova et al. (2004) confirmed the formation of
carbonates and the subsequent blockage of active sites,
which are responsible for the loss of catalytic activity
over a certain period. Au catalysts are reported as better
than Ag and Ni containing catalysts for CO oxidation in
presence of ozone (Hao et al. 2001; Haruta and date
2001). Most of the literature reports have been confirmed
the formation of superoxide species (O2-) during ozone
decomposition over catalytic surface (Almquist et al.
2007; Hao et al. 2001). Amongst the readily available
CO oxidation catalysts, Pd-based catalysts have received
considerable interest since they are intrinsically more
active for CO oxidation (Lashina et al. 2012). It has
been reported that relative CO oxidation activities of Pd
metal are higher than other metals at 300 C (Heck and
Farrauto 2002). The Pt/Rh catalyst is more active than
Pd/Rh under molecular oxygen as an oxidant, whereas
Pd/Rh is more active than Pt/Rh when ozone is em-
ployed as an oxidant (Chang and Sheng 2005). It is also
observed that increasing CO concentration in reaction
mixture results in decrease of CO conversion; however,
even at higher concentrations of CO, the nanocatalysts
still have acceptable destruction ability to oxidize CO
(Estifaee et al. 2013).
Recent progress in nanoscience, particularly in colloidal
synthetic methods, has enabled the synthesis of metal
nanoparticles with precisely controlled size, shape, and
composition (Li et al. 2008; Weiliang et al. 2013). A sus-
pension of nanosized catalyst is unstable, which is easy to
aggregate and precipitate from the catalytic systems re-
sulting in a decrease of catalytic activity. For preventing
the coagulation and precipitation of the metal
nanoparticles, a capping agent is required during the for-
mation of nanosized metal catalysts. It is reported that
better dispersion of silver nanoparticles is observed when
PVP is used as a capping agent with an alcohol under reflux
condition (Mulvaney 1996; Lu et al. 1999). Stable colloidal
Pd has been prepared by controlling the reduction of PdCl2
reduction time with Pd2? ion concentrations, and reduction
temperatures in the presence of PVP. PVP has two hetero
atoms (oxygen, nitrogen) which make the capping of metal
particles more efficient leading to size reduction of Pd
particles (Telkar et al. 2004). Li et al. (2008) have found
that Pt/Fe2O3 prepared by a colloid-deposition method is
relatively more active for CO oxidation under wet condi-
tions. Huang et al. (1996) suggested that a complex is
formed between Ag? ions and PVP, followed by the re-
duction of the Ag atoms on the PVP. Sarkar et al. (2005)
developed and optimized an effective technique for the
better dispersion of very small metal particles using PVP.
In particular, porous supports with a large specific surface
area also provide a fine dispersion of nanoparticles, leading
to high catalytic activity (Gunay and Yildirim 2013; Kugai
et al. 2013).
In this study, Pd/Al2O3 and Pd/SiO2 nanocatalysts are
prepared using polyol method and conventional are im-
pregnation method. The percentage of Pd loading is
maintained at 1 wt % for both methods. The catalytic
properties of Pd nanocatalysts prepared polyol process are
compared with impregnated Pd catalysts for CO oxidation,
using ozone as an oxidizing agent. The aim of study is to
investigate the effect of Pd particle size on ozone decom-
position and its influence on CO oxidation reaction.
Experimental
Preparation of catalysts
1 % Pd/SiO2 and 1 % Pd/Al2O3 supported nanocatalysts
were synthesized as described previously (Nadgeri et al.
2008) by the reduction of the Pd ions with ethanol using
poly (N-vinyl pyrrolidone, PVP) as a stabilizer. Palladium
sol was prepared from a solution containing 0.134 g PdCl2
(Aldrich,[99 %) in 15 ml of aqueous HCl and 5.448 g of
PVP as a stabilizer. After vigorous stirring and reflux
conditions, the ratio of ethanol and water (30:70, v/v) were
added over a period of 5 h in N2 atmosphere at 50 C. The
pH of the Pd precursor solution was about 1.4. For de-
positing the sol on to the support, 6 g SiO2 (Harshaw, SA,
300 m2 g-1 BSS) was added to the above solution after
stirring for 16 h. The solid catalyst was filtered and washed
with distilled water until the filtered solution became free
from PVP and chloride ion. The filtrate was oven dried at
8 Appl Nanosci (2016) 6:7–17
123
120 C and reduced at 350 C in H2. In a similar manner,
other Pd nanoparticles were synthesized on c-Al2O3
(Harshaw, SA, 260 m2 g-1 BSS) support. Both nano-cat-
alysts synthesized by pyrrolidone encapsulated having Pd
content of 1 wt % and designated as PAN and PSN for
alumina and silica supported systems, respectively.
For comparison, the conventional palladium-supported
catalysts were prepared by wet impregnation method. The
requisite amount PdCl2 was dissolved in aqueous solution
of dilute hydrochloric acid solution containing 0.134 g Pd/
ml. The required amount of this solution was mixed with
10 g of c-Al2O3 support at ambient temperature, stirred
well for 3 h and then evaporated on a water bath. The
samples were oven dried for 12 h at 120 C, calcined at
350 C for 4 h in N2. The resulting catalysts were desig-
nated as PA for alumina supported catalysts having Pd
content of 1 wt %. Similarly, Pd/SiO2 was also prepared
and designated as PS having Pd loading.
Characterization of catalysts
Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Hal-
enda (BJH) methods were used to estimate the BET surface
area and pore size distributions, respectively. Nitrogen
adsorption–desorption isotherms were obtained using a
surface area analyzer (Micromeritics ASAP 2010) at liquid
N2 temperature (-196 C). Prior to analyses, 0.2 gm of the
catalyst samples was loaded into a quartz tube reactor and
degassed at 120 C with a helium purge for 60 min. A five-
point nitrogen adsorption isotherm was used to determine
the BET surface area of the samples. X-ray diffraction
patterns of the reduced catalysts were recorded on a Rigaku
Miniflex (M/s. Rigaku Corporation, Japan) X-ray diffrac-
tometer using Ni-filtered Cu Ka radiation (k = 1.5406 A˚)
with a scan speed of 2 min-1 and a scan range of 2–80
at 30 kV and 50 mA. The amount of loaded Pd metal on
the support was determined by inductively coupled plasma
spectrometry-atomic emission spectroscopy. Samples for
transmission emission spectroscopy (TEM, JEM-200FX
electron microscope) were prepared by keeping a drop of
the colloidal solution prepared in acetone as solvent on a
copper grid, coated with a thin carbon film. Samples were
dried and kept in vacuum oven in a desiccator. Samples for
TEM temperature-programmed reduction (TPR) was per-
formed on Nuchrom unit to determine the extent of re-
ducibility of the Pd catalysts. TPR studies on the catalyst
samples (0.1 g) were carried out using a 5.6 % H2–Ar
mixture (40 cc/min) in the temperature range 30–600 C at
a heating rate of 10 C/min. Pulse chemisorption was
performed on Newchrom Technologies sorption unit by
pulsing CO over the reduced catalyst at room temperature,
assuming a chemisorption stoichiometry of 1:1 between
CO and Pd (Babu et al. 2007). The palladium dispersion,
metal surface area and particle size of the catalysts were
calculated using Padmasri et al.’s procedure (2002). Prior
to CO pulse chemisorption experiments, the catalyst was
reduced in H2 flow (40 cc/min) at 350 C for 4 h.
Catalytic experiments
Catalytic activity measurements were carried out in a
continuous flow, fixed-bed reactor at atmospheric pressure.
For CO oxidation, a quartz reactor packed with 1 g of
catalyst (reduced at 350 C and cooled in N2 and exposed
to air at room temperature) pellet diluted with 0.5 g of
glass beads (volume of catalyst bed = 4.5 cm3) in the
middle of the reactor. The reactor had facility to measure
the catalyst bed and furnace skin temperature indepen-
dently. The CO reaction mixture consists of 50 ml/min CO,
100 ml/min O2, diluted in N2 with a total gas flow rate of
300 ml min. The flow rates of reaction mixture were ad-
justed using mass flow controllers (Sierra Instruments Inc,
flow accuracy ±1 %). A temperature rise was observed in
the catalyst bed as soon as the reaction mixture was passed
through the catalytic bed due to the exothermic nature of
the oxidation reaction. Hence, a supplemental air flow was
used over the reactor outer surface as an external cooling to
maintain the constant reaction temperature. The reaction
was studied in the temperature range of 30–120 C, with
contact times (s) from 0.2 to 1.2 s and the ozone to CO
mole ratio were varied between 2.5 and 4.5. The exit gas
composition was analyzed using calibrated CO and CO2
analyzers (Technovation Instruments CO-MP94 and CO2-
P89) which were capable of measuring concentrations of
CO and CO2, respectively. Carbon monoxide (Bhuruka
Gas Ltd, UHP grade, 9350 ppm in N2) was used for the
reaction. Compressed O2 cylinder (99.7 % dried over silica
gel) was used for the catalytic reactions as well as for the
ozone generator. The ozone generator was standardized by
the iodometric method (Richard 1993).
Results and discussion
BET-surface area and pore size distribution
Table 1 presents the BET surface area of impregnated and
PVP-synthesized Pd reduced catalysts. BET surface areas
of supported Pd catalysts are less than that of the original
support due to pore blockages of metal particles during
impregnation. BET surface areas of the PAN catalyst
(224 m2 g-1) are little higher than PA (200 m2 g-1) con-
ventional catalyst. On the other hand, surface area of PSN
catalyst (205 m2 g-1) is much higher compare to PS cat-
alyst (162 m2 g-1). Bumajdad et al. (2006) also reported
that decrease in BET surface area is due to sintering as well
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as agglomeration of the particles. The high surface area of
the catalyst is a very important requirement and it results in
more adsorption sites for carbon monoxide to be oxidized.
Pore size distributions of the reduced catalyst samples are
calculated by BJH desorption equation which suggest the
presence of mostly mesopores and macrospores. Figure 1
indicates that average pore size distribution of the PAN and
PSN catalysts is 4 and 7 nm, respectively. Rather, PA and
PS catalysts average pore size are 5.5 and 7.5 nm, re-
spectively. These small pores may be generated due to
burning off the PVP at 350 C during calcinations (Chou
and Chen 2007). The surface area values are decreased
more in PA catalyst compared to that of PAN. However,
both the values are less than that of Al2O3 support. In
contrast, the BET surface area values show more decrease
in silica catalysts compared to the alumina catalysts. It is
due to the fact that the mesopores available in silica are
relatively wider and the PVP-stabilized Pd particle might
be accessible for the mesopores. Hence the reduction in the
BET-SA is more pronounced in case of PSN catalyst as the
majority of the silica surface area is contributed by
mesopores.
X-ray diffraction
The XRD patterns of reduced Pd supported catalysts de-
picted in Fig. 2a. The XRD patterns of reduced Pd catalysts
samples exhibited the amorphous nature of alumina and
crystalline nature of silica. The XRD patterns of the im-
pregnated catalysts (PS and PA), the diffraction signals at
2h = 40, 46.1, and 68.2 belonging to the (111) (200)
and (220) crystallographic planes of Pd (0) metal, respec-
tively. In the PVP-synthesized catalysts (PAN and PSN),
very low intense diffraction signals are observed at
2h = 40 and 45.9 compared to that of impregnated Pd
catalysts. These diffraction signals (at 2h = 40) are con-
sistent with a characteristic signals of face centered cubic
(FCC) metallic palladium (ICDD 46–1043). The peak
broadening is also consistent with the nanoscale structural
features of the Pd nanocrystals (Berger et al. 2010). It is
observed that in PVP-stabilized nanoparticles, the ag-
glomeration of Pd particle is prevented under reduction
condition and the Pd metal particles are finely dispersed on
support (Nadgeri et al. 2008).
Temperature programmed reduction
The reducibility of these Pd supported catalysts is deter-
mined by temperature-programmed reduction (TPR) ex-
periments. TPR profiles of palladium supported catalysts
are shown in Fig. 2b. In impregnated catalysts, a negative
peak is observed around at 84 C (PA) and 76 C (PS),
which is attributed to the formation of b-PdHx (Chandra
Shekar et al. 2003). The shifting of b-PdHx peak to the
lower temperature is observed for PVP synthesized Pd
catalysts which are centered at 75 C (PAN) and 72 C
(PSN). In impregnated catalyst, the peak area of b-PdHx is
higher compared to the PVP-synthesized catalyst, which is
attributed to the lower Pd dispersion in the catalyst. Berger
et al. (2010) have reported that the formation of b-PdHx is
associated with the presence of larger Pd particles. How-
ever, it is observed that the b-PdHx phase is rarely formed
for very small particles, hence a dramatic size reduction in
case of PVP synthesized Pd nanocluster could lead to the
enhanced catalytic activity. The peak broadening in alu-
mina supported catalysts could be due the formation of
metallic Pd nanoparticles with narrow size distribution.
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Fig. 1 Pore size distributions of Pd/Al2O3 and Pd/SiO2 catalysts
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CO pulse-chemisorption
The CO-uptakes of the catalysts measured by pulse
chemisorption method and found to be maximum for PVP
synthesized catalysts and minimum for impregnated cata-
lysts as presented in Table 1. The CO chemisorption
studies showed that the metal dispersion found higher for
the PSN (18.2 %) and PAN (23.8 %) catalyst as compared
to the PA and PS, i.e., 9.9 and 7.2 %, respectively. It is also
noted that the dispersion of the particles over the silica
support is relatively poor as compared with alumina. This
confirms the advantage of the PVP stabilized chemical
reduction method over the conventional impregnation
method. The percentage dispersion of Pd calculated from
the uptakes show that PAN catalyst has exhibited higher
CO uptake compared to that of PSN catalyst. The relative
dispersion of Pd is higher over PAN compared to PA cat-
alyst, which is attributed to the formation of smaller par-
ticles of Pd over this catalyst. This observation is also well
supported by the TEM analysis. In case of PAN and PSN
catalyst, an increase in CO uptake for nano catalyst also
indicated the formation of PVP capped Pd nanoparticles.
PVP has a polycationic nature due to the presence of
quaternary nitrogen, which helps in stabilizing the Pd nu-
clei formed during the reduction. The interaction between
the negative charge of oxygen on a support surface (Al2O3
or SiO2) and the cationic PVP causes the polymer to oc-
cupy the adsorption sites on the support (Toebes et al.
2001). This significant enhancement of CO oxidation ac-
tivity of supported Pd nanoparticles is mainly due to the
small particle size and high dispersion of Pd over support.
The nanosized Pd particles are protected by the bulky
polymer groups of the stabilizer PVP on the surface PAN
and PSN catalyst which can not penetrate through the pores
of the support; whereas, in the case of PA and PS catalyst,
Pd is adsorbed in several ways including the micropores of
the support and such sites would be inaccessible for cat-
alytic reaction (Simonov et al. 1997). This phenomenon
also reflected in the pore size distributions and BET surface
area values.
TEM analysis
Figure 3 shows the TEM images of the sample after the
deposition of Pd sol on the Al2O3 and SiO2 support. The
figure clearly shows that the palladium particles are well
dispersed on the support. It is clear from the TEM images
that Pd species are homogeneously dispersed on the sup-
ports and the particle sizes are mainly between 3 and
18 nm. TEM results indicate that the Pd particle size of
PVP-synthesized catalysts become much smaller compared
with impregnated samples. It is found that the formed Pd
nanoparticles are more uniformly dispersed over the Al2O3
support for PAN catalyst (Fig. 3a), and small Pd
nanoparticles with narrow size distribution are also
observed.
In the PVP-stabilized Pd colloidal system, a strong in-
teraction between C=O groups of PVP and Pd metal are
formed, which results in the small size of the Pd
nanoparticles (Hirai et al. 1985). The particle sizes of Pd
strongly depend on the Pd–PVP interaction which prevents
the aggregation of Pd nanoparticles. It would be beneficial
for the formation of uniformly dispersed Pd nanoparticles,
their stability and catalytic properties.
Figure 4 shows the histogram of the particle size dis-
tributions as calculated from the TEM images of the PVP
synthesized as well as impregnated Pd catalysts. In PAN
catalyst, 65 % of the particles are in range of 2–6 nm. In
contrast, 52 % of the particles in the impregnated catalysts
observed to be in the range of 10–14 nm. The Pd nano
particles obtained in this study are comparable with 6.3 nm
for Pd catalysts which were prepared by Berger et al.
(2010). Lim et al. (2007) reported that PVP is strongly






































Fig. 2 a X-ray diffraction patterns of reduced Pd/Al2O3 and Pd/SiO2
catalysts. b Temperature programmed reduction of Pd/alumina and
Pd/silica catalysts
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bound to the (100) facets of Pd and affect the relative
growth rates of different facets, this might be favored for
multi-twinned particles. The sponge-like structure is also
reported with high magnification micrograph, which is
built up by primary nanoparticles with an average dimen-
sion of 5 nm (Shen et al. 2009). It appears that these small
primary nanoparticles are interconnected with one another
to form larger secondary spherical sponge-like architec-
tures with recognizable boundaries or voids between the
component subunits. The Pd particle sizes measured from
the TEM are very similar with the result obtained from
XRD by Shen et al. (2009). It is reported that the small size
of the PVP-synthesized Pd nanoparticles, suggesting much
smaller activation energy for CO oxidation on Pd/alumina
(Stara et al. 1995). Above characterization results (TEM
results) confirm the well-established fact that small Pd
nanoparticles with narrow size distribution supported on
Al2O3 with high BET surface area are active for low-
temperature CO oxidation (Qu et al. 2014). The particle
size of supported Pd catalysts obtained from TEM analysis
is fairly in agreement with the particle size obtained from
CO chemisorption results.
Activity data
Activity test for ozone decomposition
Ozone decomposition studies are carried on Pd catalysts at
various temperatures and are displayed in Fig. 5a. Ozone
decomposition studies clearly show that O3 decomposition
is accelerated by temperature. It indicates that activity of
Pd-supported catalysts investigated in this study is high
enough for O3 decomposition at low temperature. The
blank test (in the absence of any catalyst) results indicate
that gaseous O3 decomposition varied from 17 to 30 %
when increasing the temperature from 30 to 120 C. These
results are in agreement with the observation reported by
Konova et al. (2004). Ozone decomposition on Al2O3 and
SiO2 supports varied from 20 to 46 % on Al2O3 and SiO2
in the temperature range of 30–120 C. The higher cat-
alytic activity of alumina support may be due to the acidic
nature. However, in the presence of supported Pd catalysts,
the decomposition of O3 increased significantly at low
temperature. Alumina-supported Pd catalyst showed max-
imum ozone decomposition compared to the SiO2-
Fig. 3 TEM micrographs of Pd/alumina supported catalysts. a PA, b PS, c PAN, d PSN
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supported Pd catalysts at various temperatures (Li and
Oyama 1998).
Ozone decomposition with temperature over PA and
PAN catalyst varies from 48–85 to 58–90 %, respectively.
Whereas, on PS and PSN catalyst, it varies from 29–60 to
36–73 %, respectively. Li and Oyama (2000) have pro-
posed that the adsorbed oxygen species, i.e., peroxide
species (O22 ) and atomic oxygen species (O
-) are formed
during the ozone decomposition mechanism on catalysts
surface. The reaction is determined to consist of dissocia-
tive adsorption of ozone to form an oxygen molecule and
an atomic oxygen species, reaction of the atomic species
with gaseous ozone molecule to form an adsorbed peroxide
species and gas phase oxygen, and decomposition of the
peroxide intermediate and desorption of molecular oxygen.
Effect of temperature
Figure 5b shows the effect of reaction temperature on CO
conversion for Pd/Al2O3 and Pd/SiO2 supported
impregnated and PVP synthesized nanocatalyst. It should be
noted that CO conversion in the presence of air (less than
30 % at temperatures below 120 C) is observed for im-
pregnated catalyst (not shown in figure). The gas phase
ozonation of CO is varied from11 to 46 % in the temperature
range of 30–120 C. With increase in reaction temperature,
theCOconversion values increased and theCOconversion is
higher in presence of ozone compared to that of air. How-
ever, it is interesting to observe that when both O3 and cat-
alyst are employed in CO oxidation reaction, the PVP-
synthesized Pd catalyst shows a dramatic change in CO
conversion compared to the impregnated catalysts. The CO
conversion is observed to be 56 % at 50 C and increased
with increase in reaction temperature and complete CO
conversion achieved above at 80 C over the PAN catalyst,
as shown in Fig. 5b. This temperature is lower than that of
the PA catalyst over which the CO conversion is 40 % at
30 C and reaching almost 90 % at 120 C. Alumina-sup-
ported Pd catalysts prepared by polyol and impregnation
method showed higher CO conversion values as compared to
silica-supported catalysts. Carbon monoxide conversion is
higher on PSN catalyst (increasing from 34 to 84 %) in the
reaction temperature range of 30–120 C, whereas in case of
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Fig. 4 Histogram of the particle size distributions as calculated from the TEM images. a PAN, b PA, c PSN, d PS
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In present study, the results clearly related to the ozone
decomposition study at various temperatures. No deacti-
vation of the Pd/SiO2 and Pd/Al2O3 catalysts are observed
even though the reaction temperature is raised to 120 C.
Even though the catalysts have similar amounts of Pd,
enhanced catalytic activities have been observed for the
CO oxidation reaction due to the small crystal sizes with
narrow size distribution of Pd nanoparticles over PAN
nanocatalyst. The highly dispersed nanoparticles of palla-
dium species as a result of increasing decomposition of
ozone may be the reason for the low temperature activity
for CO oxidation over PAN nanocatalysts. Shen et al.
(2011) reported that for Pd-Cu-Clx/Al2O3 catalyst which is
utilized for CO oxidation process, Pd is the main catalytic
active phase in synthesized nanocatalyst. Meyer et al.
(2004) reported that the CO oxidation reaction occurs at the
particle/oxide interface and exhibits a particle size effect.
The smaller particles produce more CO2 which confirmed
that the CO conversion strongly depends on the Pd parti-
cles size. Garbowski et al. (1994) attributed the activation
of Pd/Al2O3 to structural changes from Pd (111) to Pd
(200) occurring in the presence of the reactive mixture that
facilitates the change from oxidized Pd to reduced Pd.
Yang et al. (2000) have shown that during reaction, the Pd
surface of a Pd/ZrO2 catalyst undergoes a transformation to
a very active phase consisting of Pd/PdOx. Baumer and
Freund (1999) reported that carbon deposition is never
detected on CO-exposed Pd particles deposited on alumina
support by photoelectron spectroscopy. The silica sup-
ported catalysts exhibited low catalytic activity for CO
oxidation. Thus the difference in catalytic activities in the
two support systems reported in this paper may be ascribed
to a size effect. This result shows that the catalyst-support
interaction is not really important in determining its ac-
tivity, as far as silica support is concerned when ozone
employed as an oxidant.
Effect of contact time
CO conversions as a function of contact time over Pd/
Al2O3 and Pd/SiO2 catalysts in presence of ozone are
studied at 80 C (Fig. 6a). The contact time varied from
0.2 to 1.2 s at O3/CO ratio 3.5. The influence of contact
time is more significant at higher reaction temperature. In
the presence of PAN catalyst, with increasing contact time
from 0.2 to 0.6 s the conversion value of CO increased
from 56 to 74 %. Further increasing the contact time shows
a dramatic change in CO conversion value reaching above
95 % at 0.8 s and holding at 100 % till 1.2 s; while in the
case of PA catalyst, CO conversion is observed up to 40 %
at 0.2 s and almost attaining a maximum value of 90 % at
1.2 s. On the other hand, the conversion values increase
from 34 to 78 % for PSN catalyst and from 22 to 57 % for
PS catalyst with increase in contact time. Alumina-sup-
ported catalysts are found to be showing higher CO con-
version compared to the silica-supported catalysts under
comparable conditions. This might indicated that the
enough contact time making the fast diffusion of gas re-
actants to the catalyst surface, resulting in the higher CO
conversion. This result supports the experimental obser-
vations that the effectiveness of ozone for carbon monox-
ide oxidation is higher at maximum contact time.
Effect of ozone to CO molar ratios
In order to ascertain the effect of ozone concentration on
the CO conversion for Pd-supported catalysts, a set of
experiments are conducted by varying ozone/CO mole ra-
tios from 2.5 to 4.5 at 80 C and the results are shown in
Fig. 6b. It is observed that CO conversion at these elevated
temperature increases almost linearly with increase in
ozone/CO mole ratio. The CO conversion is observed to be
74 % at 2.5 ozone/CO ratio and increased with increase in
ozone/CO ratio. The complete CO conversion occurred
above ozone/CO ratio of 3.5 over PAN catalyst compared
to PA catalyst and attained maximum of 91 %. In the
presence of PSN catalyst, with increasing ozone/CO ratio
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Fig. 5 Effect of reaction temperature on a ozone decomposition at
contact time = 0.8 s; O3 = 1600 ppmv. b CO oxidation on reduced
Pd/Al2O3 and Pd/SiO2 catalysts in various reaction conditions at
contact time = 0.8 s; O3/CO = 3.5
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from 0.7 to 2.5, CO conversion is increased from 38 to
82 %. In the presence of PS catalyst, an increase from 28 to
60 % is observed. It is clear from the results that as ozone
concentration increases, formation of O22 oxidants on the
catalyst surface increases and this accelerates the carbon
monoxide oxidation in addition to the enhanced ER
mechanism (Almquist et al. 2007). The obtained results
showed that the synthesized nanocatalyst has good per-
formance even at higher concentrations of CO.
Time on stream study
Time on stream analysis over Pd/Al2O3 and Pd/SiO2 cat-
alysts are studied during CO oxidation at 120 C (Fig. 7).
The initial conversion is almost 100 % over PAN catalyst
and exhibits a complete conversion of CO; it does not
much change with time. Rather, PA catalyst activity de-
creased slightly from 90 to 86 %. The relatively high
conversion in CO oxidation on PAN catalyst may be due to
the small size of Pd nanoparticles compared to PA catalyst.
The initial conversion is about 85 % over PSN catalyst and
the conversion values attained a stable value (83 %) in 2 h.
The activity obtained after 2 h is ascribed to the steady-
state conversion. In contrast, the conversion values for PS
catalyst decrease from 72 to 65 % with increasing reaction
time. The decrease in CO conversion over impregnated
catalyst indicates that a fraction of the active sites may be
deactivated and unable to convert the ozone in active
species. The smaller Pd nanoparticles, minimized the de-
activation of Pd surface besides steady state achieved much
faster compared to that of conventional Pd catalysts. The
time on stream analysis data reveals that PAN catalyst at-
tained the steady state much faster which implies that
relatively the reconstitution of Pd is minimum in case of
PAN catalyst.
It is suggested that the catalytic reaction of CO and
ozone involves the decomposition of ozone on site to
produce a free O2 molecule and a surface oxygen atom
(Oyama 2000; Naydenov et al. 1995). The CO oxidation
over Pd catalysts, CO firstly adsorbed on the Pd0 species
then the adsorbed CO reacted with the Pd2?–O species to
produce CO2 and Pd
0. The Pd0 would be replenished by O3
to form the new active oxygen species and complete the
redox cycle. This means that decomposition of ozone
precedes the oxidation of CO, so the ER mechanism is
possible (Mehandjiev et al. 2001; Soni et al. 2014). The
small size of Pd nanoparticles enhances the CO oxidation
in the presence of ozone. The synergistic effect of Pd
nanoparticles and ozone enhanced re-oxidation (Pd2? $
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Fig. 6 a Effect of contact time on CO oxidation over reduced Pd/
Al2O3 and Pd/SiO2 conventional and nanocatalyst at O3/CO mole
ratio 3.5; Temp = 80 C. b Effect of O3/CO molar ratio on the
oxidation of CO over reduced Pd/Al2O3 and Pd/SiO2 catalyst at
contact time 0.8 s; Temp = 80C
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Fig. 7 Time on stream study at 120 C, O3/CO mole ratio = 3.5 and
contact time = 1.2 s
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Pd0) of palladium species which are responsible for the
low-temperature CO oxidation. Therefore, the small size of
Pd nanoparticles and the activation of gaseous ozone
played an important role in the CO oxidation at lower
temperatures. It is considered that well dispersed Pd
nanoparticles would weaken C–O and O–O bonds after CO
and O2 adsorption and influence the interaction between
the surface and the adsorbents and favoring CO activation
(Liu et al. 2012). Initially, CO adsorption takes place
strongly and almost exclusively on palladium (Pd0) active
sites and CO coverage is higher on palladium catalyst,
resulting in no active sites for ozone activation at low
temperature. With increasing temperature or ozone con-
centration, Pd sites become available for ozone decompo-
sition, which can then offer active oxygen species for CO
oxidation (Petersson et al. 2006).
Conclusion
For the purpose of catalytic CO oxidation, the supported
Al2O3 and SiO2 palladium nanoparticles are prepared using
polyol method and impregnation method. The minimum
reduction of BET surface areas and shifting of mesopore
are also observed for PVP-synthesized catalysts, compared
to the impregnated catalysts. TPR results confirmed that
presence of smaller particles and higher Pd dispersion in
the PVP-synthesized catalyst, which is due to small peak
area of b-PdHx. TEM results indicate that Pd particle size
of PVP-synthesized catalysts become much smaller (from 2
to 8 nm) compared with impregnated samples (from 11 to
24 nm). The results of XRD, CO uptake and TEM show
that Pd species are highly dispersed on Al2O3 support
compared to the SiO2 by using PVP as a stabilizer. The
results demonstrated that PVP-synthesized Pd/Al2O3
nanocatalyst is more efficient among the catalysts under
comparable conditions, due to the smallest size of Pd
(3 nm) and the highest ozone decomposition. CO oxidation
increased linearly with temperature and complete conver-
sion achieved at 80 C over Pd/Al2O3 nanocatalyst. CO
conversion is observed above 95 % over PVP-synthesized
Pd/Al2O3 catalyst during the long time stability test, while
65 % conversion is maintained over Pd/Al2O3-impregnated
catalyst.
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